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Introduction
Supersonic intakes must provide a stable, uniform, low-loss, subsonic flow to the engine face at all flight conditions. Because of the excessive shock losses incurred by Pitot intakes, mixed compression intakes are desirable for Mach numbers greater than two (Figure 1 ). Oblique shock waves are an efficient form of compression; however they interact with the boundary layer forming on the intake walls. Shock control is to prevent shock-induced separation and/or to stabilise the shock in naturally unsteady configurations.
Boundary layer bleed is the conventional form of flow control: low momentum fluid is removed through the porous intake surface. However, this reduces the engine mass flow rate below the capture mass flow rate, incurring a drag penalty.
Reducing or eliminating bleed and its complex ducting will allow the intake frontal area to be reduced, which will reduce drag. Eliminating bleed, whilst maintaining intake performance, can therefore greatly increase aircraft range.
Conventional vortex generators (VGs), of a height of the order of the boundary layer thickness, have been used for some time to provide flow control in supersonic applications (Pearcey, 1961) . More recently, attention has been turned to smaller subboundary layer VGs (SBVGs) with a height of approximately 40% of the boundary layer thickness that extend beyond the viscous sub-layer (McCormick (1993) , Holden and Babinsky (2001) , Lin (2002) and Ashill et al (2005) ). It has been observed that SBVGs can reduce the boundary layer shape factor, making it more robust and hence less susceptible to separation. The principal benefit of SBVGs compared to conventional VGs is their reduced drag. A further advantage is that the vortices of counter-rotating devices can remain in the boundary layer for a significant streamwise distance, whereas those of VGs will lift off the surface more quickly. A particularly attractive quality of micro-ramps compared with other SBVGs is their physical robustness: intake manufacturers are unwilling to use fragile vortex generators, such as micro-vanes, that may break away during service, causing engine damage upon ingestion. Interest in micro-ramps has been initiated by Anderson et al (2006) , whose RANS calculations indicate that the flow control afforded by micro-ramps is comparable to that of boundary layer bleed systems.
Experimental Set-up and Measurement Accuracy
Experiments have been performed in a blow-down supersonic tunnel. All tests were conducted at a nominal free stream Mach number of 2.5 and a Reynolds number of 30 x 106 m -. The wind tunnel stagnation Temperature was around 290K and the stagnation pressure was set to l70kPa (the exact value is variable during a typical experiment). A compression ramp on the upper surface of the tunnel is lowered in order to generate an oblique shock wave. For all the experiments reported here, the wedge angle was set to 7 degrees. The set-up is shown schematically in Fig.2 .
MChannel hegnht 0Og0 m Figure 2 . Experimental set-up for baseline experiments (top) and shock control experiments (bottom).
Geometrically similar micro-ramps of four sizes (heights 2 mm, 3 mm, 4 mm and 6 mm) have been tested. The micro-ramps are scaled according to the specifications of Anderson et al (2006) (Figure 3 ), so that the wedge half-angle a is equal to 240, the side-length c is 7.2 times the device height h and the spanwise spacing s is 7.5 times h. Micro-ramps were investigated individually as well as in arrays. The number of micro-ramps in an array depended on their size: 6mm -2 off; 4mm -3 off; 3mm -3 off; 2mm -5 off.
Flow C
Flow I Figure 3 . Micro-ramp geometry.
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A combination of boundary layer traverses, schlieren photography, surface oil flow visualisation and surface pressure measurements are used to investigate the flow. Boundary layer traverses are conducted using a Pitot probe located at X=249mm which is moved through the boundary layer by a stepper motor. The upstream stagnation pressure and local static pressure are measured in addition to the pressure recorded by the Pitot probe. All pressures are recorded with fast-response Kulite transducers. Flow visualisation is carried out using a two-mirror schlieren system. The surface flow is visualised using a mixture of paraffin, titanium dioxide and oleic acid. Diesel oil is added to this mixture in order to prevent it drying before the flow was established. The surface pressure distribution is measured using pressure transducers linked to pressure tappings on the tunnel floor. The experimental uncertainty of surface and Pitot pressure measurements is of the order of ± 1%. The accuracy of the traverse gear is better than 0.5 mm. However, when using the Pitot data to determine boundary layer velocity profiles the effects of wall interference must be taken into account. Comparisons with LDA data have shown that Pitot data is subject to errors in a region up to 0.5mm from the surface. Consequently, integral properties determined from Pitot profile data has greater levels of uncertainty, of the order of 5-10%, although relative comparisons can be with more confidence.
One-component Laser Doppler Anemometry (LDA) was also employed to determine profiles of streamwise velocity at various stations (see Fig. 2 ). The DANTEC system in use featured a probe volume of 75km diameter and approximately 2.5mm in length (aligned in spanwise direction). Seeding was obtained with oil droplets introduced in the settling chamber.
The typical diameter of the seed particles was measured to be around 200nm. The combination of small probe volume and particle size allowed the determination of streamwise velocities down to a wall distance of 0.1mm. Typically, at least 1000 samples were used in the calculation of time-averaged velocities. The traverse gear used for the LDA investigation was of greater accuracy than that used for probe-based measurements, giving uncertainties of less than 0.05mm. Most of the LDA data was obtained along the centre-line. However, some profile measurements were recorded off-centre where the seeding density was lower. This has the effect of introducing noise into such LDA measurements (similar effects occur at large wall distances). When present, this is clearly seen in the data and spikes resulting from this effect can be ignored. The accuracy of LDA data obtained in regions of high seeding is very high, especially for the time-averaged velocities shown here. It is thought that velocities are determined to better than 1% accuracy (except for regions of poor seeding). For the purpose of comparison of this data with CFD predictions it should be noted that the total temperature during a typical experiment varied by approximately 5K. This introduces a corresponding variation of speed of sound which causes flow velocities to drift slightly during an experiment. While not exactly an experimental error, this nevertheless introduces an uncertainty in velocity data of the order of 5m/s in the free-stream.
Results
Flow development over micro-ramps (in the absence of shock waves) Figure 4 shows the velocity profile determined with LDA in an empty working section (no shock generating wedge) at X=89mm. The boundary layer thickness is around 6mm and the (incompressible) integral values are: displacement thickness 0.96mm, momentum thickness 0.72mm and shape factor 1.32. The wall shear stress coefficient was estimated by fitting the velocity data to an analytical law-of-the-wall/wake profile suggested by Sun & Childs (1973) , giving a value of 0.0015.
These results are typical for a naturally grown, turbulent boundary layer in equilibrium. (centre-line, quarter-chord, semi-chord and at full span). The furthest outboard profile (z=12mm) is very similar to the undisturbed boundary layer. This is in agreement with the oil-flow visualisation which indicated that the effect of the ramps did not reach far beyond the span of the device. Nevertheless, this profile and all others show increased velocities close to the surface, indicating high wall shear. Generally, the velocity profiles are fuller than the uncontrolled flow. However, the profile obtained at the centre-line features a pronounced low velocity 'dip' which is thought to be the remnant of the device wake that has moved slightly away from the surface as a result of the primary vortex action. The upper edge of this dip is responsible for the faint edge seen above the boundary layer in the schlieren photographs.
The main features of the boundary layer behind a micro-ramp become more clear when shown in the form presented in Fig.7 .
Here the velocities measured behind the device are subtracted from the undisturbed velocity profile. To generate the image a number of spanwise profiles have been used and symmetry has been assumed (the vertical bars at the top of the figure indicate where profile data was available). Because the data presented in Fig.7 has undergone significant processing this image should be used for illustrative purposes only (and it must be remembered that the spatial accuracy is limited by the small number of traverse positions). However, regions of high momentum near the surface and the low-momentum dip are seen very clearly. Even at this relatively small distance downstream of the ramps, there is already a considerable entrainment of high-energy flow near the floor which has almost covered all of the wake (except for a narrow region in the centre). The low momentum dip has begun to be moved away from the wall as a result of the action of the primary vortices. The data shown in Fig.10 demonstrates that the flow development downstream of micro-ramps is similar for all device heights. In each case the low momentum wake (shown in blue) is gradually moved away from the wall by the action of the two primary vortices. Simultaneously, high momentum is entrained to the near wall region by the same mechanism. Closer inspection of this figure, however, suggests that the speed with which these processes occur is not the same across the devices. For example, in the first downstream profile (36) behind the largest device (6mm) there remains a considerable region of low momentum close to the surface around the symmetry plane. At the same downstream location behind the much smaller 3mm device however, the same area is already filled with high momentum fluid. This stage of development is only reached much later behind the largest device.
This suggests that the flow development, although similar for all sizes, does vary with device height. To test this hypothesis, the approximate height of the centre of the low momentum region (the blue area) is estimated from each of the sub-plots seen in Fig. 10 . The result is shown in Fig.l I in non-dimensional form; that is both the height above the surface as well as the streamwise distance from the device are divided by device height. It should be noted that the first data-point for the 2mm device is unlikely to be accurate as the low momentum region is too small to be accurately identified. 
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Effect of micro-ramps on reflected shock wave interactions Figure 12 shows a schlieren photograph and surface oil-flow visualisation for the baseline uncontrolled interaction, It can be seen that the flow along the floor exhibits a relatively two-dimensional region of separation with a streamwise extent of approximately three incoming boundary layer thicknesses. Figure 13 compares the surface pressure measured along the tunnel centre-line for the baseline flow as well as a number of control configurations. Here, micro-ramps were placed I 12mm ahead of the nominal shock reflection point (see Fig.2 ). Both individual devices (placed in the centre of the tunnel) as well as arrays of devices (spacing as shown in Fig.3 ) were tested. It can be seen that all devices reduced the upstream influence and increased the pressure gradient which is a sign of a reduction of separation. Clearly, arrays of devices performed better than single ramps and greater ramp heights proved slightly more effective. While the presence of micro-ramps can not eliminate separation completely, it is seen to reduce the overall size of the separated region which is in line with the observations from the pressure measurements. Figure 14 . Surface oil-flow visualization for oblique SBLI controlled by single 6mm micro-ramp (top) and array of two 6mm micro-ramps (bottom). In both cases the separated region is broken up into a cellular structure.
The effect of streamwise placement relative to the interaction was also investigated. Figure 15 shows a schlieren photograph and surface oil-flow visualisation obtained for an array of 3mm micro-ramps placed closer to the location of interaction at a distance of 50mm (see also Fig.2 ). It can be seen that fundamentally the same flow structure as discussed above is observed. Finally, Fig.i7 shows velocity profiles measured across the interaction controlled by an array of 3mm devices located 50mm
ahead of the inviscid shock reflection point (the configuration seen in Fig.15 ). Profiles were recorded at four streamwise positions (see Fig.2 ) ahead, through, and behind the interaction. The flow over micro-ramps has been characterized with detailed measurements and flow visualizations. The information gathered is valuable for the understanding of micro-ramp flows as well as providing validation data for CFD simulations.
Downstream of micro-ramps a relatively complex structure of pairs of counter-rotating streamwise vortices is observed.
Around the centre-line behind the ramp a significant low-momentum region is formed as a consequence of viscous drag of the device. The wake flow is dominated by the two primary vortices which act to entrain high momentum fluid from the outer regions of the boundary layer towards the surface. Simultaneously, the low momentum wake is transported away from the surface and has been observed to be deposited outside the boundary layer at some downstream distance from the device. The relatively complex vortical flow observed in the wake of micro-ramps can have subtle but important effects regarding the positioning of low and high momentum flow regions. The exact location of high and low momentum fluid is thought to be important for the devices' ability to prevent flow separation and it is therefore believed that numerical simulations need to be able to capture these effects correctly.
No fundamental change of the flow structure was observed with different micro-ramp sizes (heights from 30% -100% of boundary layer thickness). However, it was suggested that the flow development can be scaled geometrically with device height.
Micro-ramps of all sizes were found to reduce separations in a M=2.5 oblique shock reflection, by breaking up a previously two-dimensional separation region into cells of separated flow (surrounded by attached flow). However, arrays of multiple devices distributed across the span had a much more beneficial effect than individual devices.
The largest ramp size tested was found to have the strongest effect, however it also incurred the greatest momentum deficit (ie drag). The smallest device height was able to have beneficial effects without incurring significant device drag.
No significant effects were observed when changing the device location relative to the shock reflection region, however, all locations tested were quite close to the interaction region. It is thought that micro-devices should be placed closer to adverse pressure gradients than traditional vortex generators and that the optimum location is likely to be a function of device height. 
